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3-34-1 Nishi-Ikebukuro, Toshima-ku, Tokyo 171-8501,The repair of photosystem II (PSII) after photodamage is particularly sensitive to oxidative stress and
inhibition of such repair is associated with the oxidation of speciﬁc cysteine residues in elongation
factor G (EF-G), a key translation factor, in the cyanobacterium Synechocystis sp. PCC 6803. Expres-
sion of mutated EF-G with a target cysteine residue replaced by serine in Synechocystis resulted in
the protection of PSII from photoinhibition. This protection was attributable to the enhanced repair
of PSII via acceleration of the synthesis of the D1 protein, which might have been due to reduced
sensitivity of protein synthesis to oxidative stress.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction bacterium Synechocystis sp. PCC 6803 (hereafter referred to asPhotosystem II (PSII), a macromolecular complex that converts
light energy to chemical energy, is susceptible to inactivation by
strong light and this phenomenon is referred to as the photoinhibi-
tion of PSII [1–3]. However, light-induced damage (photodamage)
to PSII also occurs under light at any intensity [4,5]. In living cells,
photodamaged PSII is repaired rapidly by a repair mechanism that
depends on the synthesis of proteins de novo. Because of the
efﬁcient repair system, photoinhibition is not apparent under light
at moderate intensities. However, under strong light, when the rate
of photodamage exceeds the rate of repair, photoinhibition
becomes apparent [6,7].
Since reactive oxygen species (ROS) are produced in abundance
in the photosynthetic machinery under strong light, the roles of
ROS in photoinhibition have been extensively studied [8–10].
Recent analyses of the effects of ROS on photoinhibition, in which
photodamage was examined separately from repair, in the cyano-chemical Societies. Published by E
l; EF-G, elongation factor G;
istry and Molecular Biology,
niversity, 255 Shimo-Okubo,
3384.
p (Y. Nishiyama).
of Science, Rikkyo University,
Japan.Synechocystis) have revealed that ROS act primarily by inhibiting
the repair of photodamaged PSII and not by damaging PSII directly
[11–13]. The inhibition of repair was attributable to the suppres-
sion of the synthesis de novo of proteins that are required for the
repair of PSII, such as the D1 protein, at the level of translational
elongation [11,12]. Moreover, molecular analysis in vitro, with a
translation system derived from Synechocystis, revealed that the
ROS-induced suppression of protein synthesis was associated with
the speciﬁc inactivation of elongation factor G (EF-G) [14]. The
inactivation by H2O2 of the major EF-G that is encoded by
slr1463 (hereafter referred to as EF-G) resulted from the formation
of an intramolecular disulﬁde bond between two speciﬁc cysteine
residues, namely, Cys105 and Cys242 [15]. A recombinant EF-G
protein in which Cys105 was replaced by serine was insensitive
to oxidation by H2O2 and was active in the translation system
in vitro even after prior treatment with H2O2 [15]. By contrast, a
recombinant EF-G protein in which Cys242 was replaced by serine
remained sensitive to oxidation by H2O2 [15]. Since Cys105 is
extremely reactive to oxidants, it is likely that Cys105 reacts with
another cysteine residue to form an abnormal disulﬁde bond in the
absence of Cys242.
In the present study, we examined the effects of the replace-
ment of Cys105 by serine on both the photoinhibition of PSII and
the synthesis of proteins de novo. Expression of the mutated EF-
G in Synechocystis cells protected PSII from photoinhibition bylsevier B.V. All rights reserved.
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of the D1 protein, a protein in the reaction center of PSII, under
strong light.
2. Materials and methods
2.1. Cells and culture conditions
Cells of the glucose-tolerant strain (hereafter referred to as the
wild type) and the mutant that expressed mutated EF-G of Syn-
echocystis sp. PCC 6803 were grown photoautotrophically at
32 C in liquid BG11 medium under light at 70 lmol pho-
tons m2 s1, or as indicated, with aeration by sterile air that
contained 1% (v/v) CO2 [16].
2.2. Site-directed mutagenesis
The slr1463 gene that encodes EF-G, together with 320 bp of the
promoter region, was ampliﬁed from the genomic DNA of Synecho-
cystis with the forward and reverse primers 50-TAGCCATGACGTG
AGTCC-30 and 50-AGTCAAAATTAGGCAACCAG-30, respectively. The
ampliﬁed DNA fragment was cloned into the pGEM-T vector (Pro-
mega, Madison, WI, USA). To replace Cys105 by serine in EF-G,
site-directed mutagenesis was performed with a KOD-Plus-muta-
genesis kit (Toyobo, Osaka, Japan) by PCR with the forward and
reverse primers 50-CTGGCTCCGGCGGTGTGGAACC-30 and 50-AAAA-
TA CCCCAATGCCGC-30, respectively, and the pGEM-T vector that
harbored slr1463 and the promoter as template. The resultant plas-
mid DNA with the appropriate mutation in slr1463 was digested
with NdeI and ArtII. The DNA fragment that contained the mutated
slr1463 gene and the promoter region was inserted between the
NdeI and ArtII sites of the pTCP2031 vector, which was designed
to incorporate a gene of interest at a neutral site ﬂanked by
slr2030 and slr2031 in the genome of Synechocystis [17]. The resul-
tant plasmid DNA was used to transform wild-type Synechocystis
by homologous recombination.
2.3. Expression of mutated EF-G
The complete incorporation of the mutated slr1463 gene and the
promoter region at the neutral site in all the chromosomal copies of
the genome was conﬁrmed by PCR with the forward and reverse
primers 50-CCGAGTTGTAGTCGGCAGTC-30 (F1) and 50-CCGCAGAAC-
GACCAATGTC-30 (R1), respectively. The appropriate site-directed
mutagenesis of the genome was conﬁrmed by sequencing the
ampliﬁed DNA fragment. The inﬂuence of mutagenesis on the
intrinsic slr1463 gene was examined by PCR with the forward and
reverse primers 50-TCTAGCTAAGGCCCAGAACC-30 (F2) and 50-
GCCTGTTGAGTTGCACTTC-30 (R2), respectively. For examination of
the expression of wild-type and mutated EF-G, cell extracts that
had been treated with 5 mM dithiothreitol (DTT) to reduce all cys-
teine residueswere subjected to themodiﬁcation of thiol groupswith
a maleimidyl reagent, methoxypoly(ethylene glycol) maleimide,
which has an average molecular mass of 5 kDa (Nihon Yushi, Tokyo,
Japan), with subsequent separation of proteins by non-reducing
SDS-PAGEona7.5%polyacrylamide gel and immunological detection
with EF-G-speciﬁc antibodies, as described previously [15].
2.4. Analysis of the photoinhibition of PSII
Cells in culture at an optical density at 730 nm of 1.0 ± 0.1 were
exposed to light at 1500 lmol photons m2 s1 at 30 C for desig-
nated times to induce the photoinhibition of PSII, as described
previously [16]. For assays of photodamage, lincomycin was added
to the suspension of cells at a ﬁnal concentration of 200 lg ml1
just before the onset of illumination. The activity of PSII wasmeasured at 30 C in terms of the evolution of oxygen in the pres-
ence of 1 mM 1,4-benzoquinone and 1 mM K3Fe(CN)6 with a Clark-
type oxygen electrode (Hansatech Instruments, King’s Lynn, UK).
2.5. Labeling of proteins in vivo
For pulse labeling of proteins, 25 ml of cell culture were supple-
mented with 240 kBq ml1 35S-labeled methionine and cysteine
(EasyTag EXPRE35S35S; PerkinElmer, Waltham, MA, USA) and incu-
bated at 30 C in light at 1500 lmol photons m2 s1, as described
previously [16]. Aliquots of 7 ml each were withdrawn at desig-
nated times for analysis of proteins. Thylakoid membranes were
isolated from cells and then membrane proteins were separated
by SDS-PAGE on a 15% polyacrylamide gel that contained 6 M urea,
as described previously [16]. Labeled proteins on the gel were visu-
alized and levels of the D1 protein were determined densitometric-
ally as described previously [16].
3. Results
3.1. Expression of mutated EF-G in Synechocystis
To replace Cys105 by serine, we performed site-directed muta-
genesis of the slr1463 gene for EF-G, which had been cloned into
the pGEM-T vector. The mutated gene, together with the promoter
region of slr1463, was inserted at a neutral site between slr2030 and
slr2031 in the genome of Synechocystis by homologous recombina-
tion (Fig. 1a). The complete segregation of the genome was con-
ﬁrmed by PCR with forward and reverse primers that bound to
the slr2030 and slr2031 regions, respectively, and with the genomic
DNA as template (Fig. 1b). The presence of the intrinsic slr1463 gene
was conﬁrmed by PCR with primers that ﬂanked the region of the
slr1463 gene and its promoter, indicating that the incorporation of
themutated gene did not interferewith thewild-type gene (Fig. 1b).
We examined the expression of the mutated EF-G at the protein
level. The free thiol groups of cysteine residues in EF-G can be
modiﬁed with a maleimidyl reagent, and proteins with a variety
of modiﬁed cysteine residues can be separated on a non-reducing
gel according to the number of modiﬁed cysteine residues [15].
After cell extracts had been treated with 5 mM DTT to convert all
cysteine residues of proteins to the reduced form, proteins were
subjected to the thiol-modiﬁcation assay and EF-G was detected
immunologically with antibodies speciﬁc for EF-G. In extracts of
wild-type cells, EF-G appeared as a single band as a consequence
of the modiﬁcation of all the ﬁve cysteine residues, whereas in
extracts of mutant cells, EF-G appeared as two bands of equal
intensity (Fig. 1c). Since the electrophoretic mobilities of the upper
and lower bands were the same as those of the wild-type and the
mutated EF-G proteins, respectively, we concluded that the mutant
cells expressed equivalent levels of both the wild-type and the
mutated EF-G protein.
In an attempt to generate mutant cells that expressed the mu-
tated EF-G exclusively, we attempted to eliminate the wild-type
slr1463 gene by insertional mutagenesis in the mutant that ex-
pressed both wild-type and mutated EF-G. However, we failed to
obtain such a mutant, presumably because cells cannot survive
the complete replacement of Cys105 by serine in EF-G. Even the
heterotrophic growth of cells in the presence of glucose did not
help generate such a mutant.
3.2. Protection of PSII from photoinhibition in the presence
of mutated EF-G
To investigate the effects of the expression of mutated EF-G on
the photoinhibition of PSII, we exposed cells to strong light at
1500 lmol photons m2 s1 at 30 C. The activity of PSII in mutant
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difference in terms of the activity of PSII between the two lines of
cells became more apparent after illumination for 30 min. OurFig. 1. Mutagenesis of the slr1463 gene, which encodes EF-G, for replacement of
Cys105 by serine, and expression of the mutated gene in Synechocystis. (a)
Schematic representation of the incorporation of the mutated slr1463 gene at a
neutral site between slr2030 and slr2031 in the genome of Synechocystis. The
asterisk indicates the position of site-directed mutagenesis. Arrows indicate the
positions and directions of primers for PCR. Cmr and Pr indicate the chloramphen-
icol-resistance gene cassette and the promoter region of slr1463, respectively. (b)
Analysis by PCR of the incorporation of mutated slr1463 at the neutral site and the
integrity of the intrinsic wild-type slr1463 gene. DNA fragments were ampliﬁed
with the F1 and R1 primers from the genomes of wild-type (lane 1) and mutant
(lane 2) cells, and with the F2 and R2 primers from the genomes of wild-type (lane
3) and mutant (lane 4) cells. M, molecular markers. (c) Expression of wild-type and
mutated EF-G in Synechocystis cells. Proteins in extracts from wild-type and mutant
cells were subjected to the modiﬁcation of cysteine residues with a thiol-modifying
reagent after treatment with DTT. After fractionation of proteins by non-reducing
SDS–PAGE, EF-G was detected immunologically. Lane 1, EF-G in an extract of non-
modiﬁed proteins from wild-type cells; lane 2, EF-G in an extract of modiﬁed
proteins from wild-type cells; lane 3, EF-G in an extract of modiﬁed proteins from
mutant cells. For comparison, the recombinant wild-type (lane 4) and mutated EF-G
(lane 5) proteins were loaded onto the same gel and detected immunologically.observations indicated that the presence of the mutated EF-G
had protected PSII from photoinhibition. Moreover, when cells
were exposed to light at the same intensity in the presence of lin-
comycin, which blocks the repair of PSII, the activity of PSII in mu-
tant cells declined at the same rate as that in wild-type cells
(Fig. 2b). Thus, it appeared that the expression of mutated EF-G
had enhanced the repair of photodamaged PSII but had not pro-
tected PSII from photodamage.
When cells were exposed to strong light at a lower temperature,
25 C, there was a similar difference in the extent of photoinhibi-
tion between wild-type and mutant cells, and the extents of pho-
toinhibition were higher than those at 30 C (Supplementary
Fig. S1). The presence of lincomycin abolished the difference be-
tween the two lines of cells, indicating again that the expression
of mutated EF-G did not affect photodamage to PSII but enhanced
the repair of PSII.
3.3. Enhancement of the synthesis of the D1 protein de novo
in the presence of mutated EF-G
The synthesis of the D1 protein de novo plays a central role in
the repair of photodamaged PSII. To examine the effects of the
expression of the mutated EF-G on the synthesis of the D1 protein
de novo, we monitored the incorporation of 35S-labeled methio-
nine and cysteine into proteins during the exposure of cells to
strong light at 1500 lmol photons m2 s1, namely, under the
same conditions as those used for the assay of photoinhibition.
Fig. 3 shows the patterns of pulse-labeled proteins from thylakoid
membranes after SDS–PAGE and the time courses of the synthesis
of the labeled D1 protein. The rate of synthesis of the D1 protein de
novo in mutant cells was approximately 30% higher than that in
wild-type cells (Fig. 3). Thus, it appeared that the expression ofFig. 2. Effects of the mutation of EF-G on the photoinhibition of PSII in Synecho-
cystis. Wild-type (s) and mutant (h) cells were incubated at 30 C in light at
1500 lmol photons m2 s1, with standard aeration, in the absence of lincomycin
(a) and in its presence (b). The activities taken as 100% for wild-type and mutant
cells were 715 ± 95 and 679 ± 118 lmol O2 mg1 Chl h1, respectively. Values are
means ± S.D. (bars) of results from three independent experiments. The absence of a
bar in this and other ﬁgures indicates that the bar falls within the corresponding
symbol.
Fig. 3. Effects of the mutation of EF-G on the synthesis of the D1 protein de novo in
Synechocystis. Proteins of wild-type (WT) and mutant (C105S) cells were pulse-
labeled by incubation of cells at 30 C, for the indicated times, in light at
1500 lmol photons m2 s1 with standard aeration, in the presence of 35S-labeled
methionine and cysteine. Thylakoid membranes were isolated and proteins were
separated electrophoretically. (a) A representative radiogram of pulse-labeled
proteins from the indicated thylakoid membranes. (b) Quantitation of the relative
levels of the D1 protein in wild-type (s) and mutant (h) cells. Values are
means ± S.D. (bars) of results from three independent experiments. The value for
wild-type cells at 30 min was taken as 1.0.
Fig. 4. Effects of the mutation of EF-G on the photoautotrophic growth of
Synechocystis. Wild-type (s) and mutant (h) cells were grown at 32 C in light at
70 lmol photons m2 s1 (a), at 32 C in light at 200 lmol photons m2 s1 (b), and
at 25 C in light at 300 lmol photons m2 s1 (c). Values are means ± S.D. (bars) of
results from three independent experiments.
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ing the synthesis of the D1 protein de novo during exposure of
Synechocystis cells to strong light.
3.4. The effect of the expression of mutated EF-G on cell growth
We examined whether the expression of mutated EF-G might
have a positive effect on the photoautotrophic growth of cells un-
der strong light. Wild-type and mutant cells grew at the same rate
under normal growth conditions, namely, at 32 C under light at
70 lmol photons m2 s1 (Fig. 4a). When the intensity of light
was raised to 200 lmol photons m2 s1, there was no difference
in the growth rate between the two lines of cells (Fig. 4b). Even
when cells were exposed to more severe stress, namely, the com-
bination of strong light at 300 lmol photons 2 s1 and the low
temperature of 25 C, there was still no difference in terms of
growth rate between the two lines of cells (Fig. 4c). Thus, theexpression of mutated EF-G appeared to have no effect on the
growth of Synechocystis cells under stress conditions.
4. Discussion
4.1. The impact of mutagenesis of EF-G on protein synthesis
under photo-oxidative stress
The particular susceptibility of EF-G to inactivation by oxidation
was ﬁrst demonstrated during studies of translation in vitro in an
extract of Synechocystis cells [14], and the inactivation of EF-G was
attributed to the formation of an intramolecular disulﬁde bond be-
tween Cys105 and Cys242 [15]. Replacement of the target cysteine
residues by serine led to the insensitivity of EF-G to oxidation by
H2O2 in vitro [15]. However, it remained to be determined whether
such mutagenesis of EF-G might alter the sensitivity of protein
synthesis to oxidative stress in vivo. Exposure of photosynthetic
cells to strong light results in oxidative stress as a consequence
of the production of ROS by the photosynthetic machinery, which
is due to the photosynthetic transport of electrons or transfer of ex-
cited energy [18]. Exploiting the oxidative stress that occurs
naturally under strong light, the present study indicated that
expression of EF-G in which Cys105 had been replaced by serine
might enhance the synthesis of the D1 protein de novo under
photo-oxidative conditions (Fig. 3). The speciﬁc enhancement of
the synthesis of the D1 protein, as compared to the synthesis of
782 K. Ejima et al. / FEBS Letters 586 (2012) 778–783other proteins, was due to the extremely high rate of turnover of
the D1 protein in the presence of light [1,11].
4.2. The impact of the mutation in a component of the protein-
synthetic machinery on the photoinhibition of PSII
The role of ROS in the photoinhibition of PSII has been contro-
versial. Some researchers have proposed that ROS and, in particu-
lar, singlet oxygen are the cause of photodamage to PSII via their
direct attack on the reaction center of PSII [8,9,19–22]. By contrast,
other researchers have suggested that ROS might act primarily by
inhibiting the repair of PSII via suppression of the synthesis de
novo of proteins, such as the D1 protein, and not by damaging PSII
directly [11–13,16,23,24]. The present study revealed that the
alteration in protein synthesis that resulted from the mutagenesis
of the ROS-sensitive EF-G rendered PSII less sensitive to photoinhi-
bition by enhancing the repair of PSII and not by protecting PSII it-
self from photodamage (Fig. 2). These results tend to support and
reinforce the hypothesis that ROS act by inhibiting the repair of
PSII during photoinhibition.
The effects on photoinhibition of the expression of mutated
EF-G appear, however, to be modest. The limited extent of its
effects might be due to the co-expression of wild-type andmutated
EF-G and, also, due to the expression of other EF-G homologues in
Synechocystis, namely, Sll1098 and Sll0830 [14].
4.3. Physiological implications of the ROS-sensitive cysteine
residues of EF-G
In the present study, we were able to isolate a mutant of Syn-
echocystis that co-expressed wild-type and mutated EF-G but we
were unable to generate a mutant that expressed the mutated
EF-G exclusively. Our failure to achieve complete replacement of
Cys105, the most ROS-sensitive cysteine residue in wild-type EF-
G, suggests that Cys105 and, perhaps, its counterpart Cys244 might
be essential for the survival of Synechocystis. These ROS-sensitive
cysteine residues are also the targets of thioredoxin, a small oxido-
reductase [25]. The intramolecular disulﬁde bond that is formed
between Cys105 and Cys244 as a result of ROS-induced oxidation
can be reduced in vitro by m-type thioredoxin to reactivate EF-G
[15]. The reduction of EF-G by thioredoxin can also be observed
in vivo in Synechocystis: the level of EF-G in the reduced state rose
when the intensity of incident light was raised, whereas it fell
when the level of reduced thioredoxin fell in the absence of
NADPH-thioredoxin reductase [15]. The functional relationship
between EF-G and thioredoxin links photosynthesis to protein syn-
thesis and this relationship suggests that a regulatory mechanism
might exist to link the two physiological activities. In light, the
reducing power that is produced as a result of the photosynthetic
transport of electrons is transmitted to EF-G via thioredoxin and
activates the synthesis of proteins de novo, which, in turn,
enhances the repair of PSII. However, under strong light, which
induces oxidative stress, the oxidation of EF-G by ROS competes
with its reduction, suppressing protein synthesis [10,15]. In this
scenario, the ROS-sensitive cysteine residues of EF-G might play
a key role in the regulation of protein synthesis, via either activa-
tion or suppression. Given that the rapid suppression of protein
synthesis is physiologically important in preventing further oxida-
tive stress that would otherwise be caused by the activation of
protein synthesis and photosynthesis, we can postulate that the
complete loss of the ROS-sensitive cysteine residues in EF-G might
lead to an uncontrolled regulation of protein synthesis and the dis-
turbance of cellular homeostasis. The physiological importance of
the ROS-sensitive cysteine residues of EF-G might explain the
incompatibility with cell viability of the complete replacement of
these cysteine residues by serine residues.The co-expression of wild-type and mutated EF-G had no obvi-
ous effects on the growth of cells even under stress conditions
(Fig. 4). It seems likely that, in the mutant, the appropriate long-
term regulation of protein synthesis by wild-type EF-G might have
diminished the short-term effects of mutated EF-G. However, we
cannot exclude the possibility that the sensitivity of PSII to pho-
toinhibition might not have limited cell growth exclusively under
the conditions examined. Future studies should be directed toward
a fuller understanding of the mechanisms whereby the repair of
PSII is regulated by protein synthesis.
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